Abstract The objective of the present study was to assess the influence of decortication of the posterior elements of the vertebra (recipient bed) and the nature of the bone graft (cortical or cancellous bone) on graft integration and bone, cartilage and fiber neoformation in the interface between the vertebral recipient bed and the bone graft. Seventy-two male Wistar rats were divided into four experimental groups according to the presence or absence of decortication of the posterior vertebral elements and the use of a cortical or cancellous bone graft. Group I-the posterior elements were decorticated and cancellous bone used. Group II-the posterior elements were decorticated and cortical graft was used. Group III-the posterior elements were not decorticated and cancellous graft was used. Group IV-the posterior elements were not decorticated and cortical graft was used. The animals were killed 3, 6 and 9 weeks after surgery and the interface between the posterior elements and the bone graft was subjected to histomorphometric evaluation. Mean percent neoformed bone was 40.8% in group I (decortication and cancellous graft), 39.13% in group II (decortication and cortical graft), 6.13% in group III (non-decorticated and cancellous graft), and 9.27% in group IV (non-decorticated and cortical graft) for animals killed at 3 weeks (P = 0.0005). For animals killed at 6 weeks, the mean percent was 38.53% for group I, 40.40% for group II, 10.27% for group III, and 7.6% for group IV (P = 0.0005), and for animals killed at 9 weeks, the mean was 25.93% for group I, 30.6% for group II, 16.4% for group III, and 18.73% for group IV (P = 0.0026). The mean percent neoformed cartilage tissue was 8.36% for group I, 7.46% for group II, 11.1% for group III, and 9.13% for group IV for the animals killed at 3 weeks (P = 0.6544); 6.6% for group I, 8.07% for group, 7.47% for group III and 6.13% for group IV (P = 0.4889) for animals killed at 6 weeks, and 3.13% for group I, 4.06% for group II, 10.53% for group III and 12.07% for group IV (P = 0.0006) for animals killed at 9 weeks. Mean percent neoformed fibrous tissue was 11% for group I, 6.13% for group II, 26.27% for group III and 21.87% for group IV for animals killed at 3 weeks (P = 0.0008); 7.67% for group I, 7.1% for group II, 9.8% for group III and 10.4% for group IV (P = 0.7880) for animals killed at 6 weeks, and 3.73% for group I, 4.4% for group II, 6.67% for group III and 6.8% for group IV (P = 0.0214) for animals killed at 9 weeks. The statistically significant differences in percent tissue formation were related to decortication of the posterior elements. The use of a cortical or cancellous graft did not influence tissue neoformation. Ossification in the interface of the recipient graft bed was of the intramembranous type in the decorticated animals and endochondral type in the nondecorticated animals.
Introduction
The concept of decortication of the recipient graft bed in vertebral arthrodesis was first introduced by Hibbs in 1911 [9] . Decortication is the removal of the superficial part of the cortical bone that covers the posterior elements of the vertebra (spinous process, lamina and articular facet) and exposes vertebral cancellous bone, performed in order to accelerate bone graft integration with its recipient bed [4, 5] . Decortication increases tissue metabolism in the interface between bone graft and recipient bed by increasing the vascular supply to this region, accelerating bone graft integration with the recipient bed and triggering greater bone neoformation [4, 6] . The effect of decortication on bone graft integration has been observed in previous studies [8, 10, 13] , although the mechanisms involved in osteogenesis in the interface between recipient bed and graft have not been fully clarified.
The objective of the present study was to evaluate the influence of decortication of the posterior elements of the vertebra (recipient bed) and of the nature of the bone graft (cortical or cancellous) on graft integration and bone, cartilage and fibrous tissue neoformation in the interface between the recipient bed and the graft.
Materials and methods
Seventy-two male Wistar rats weighing 300 g were used.
All the aspects of this work were approved by the Ethics Committee of the Faculty of Medicine of Ribeirão Preto, University of São Paulo, Brazil. The animals were divided into four experimental groups of six rats each according to the decortication of the posterior vertebral elements and the nature of the bone graft in contact with the recipient bed (cortical or cancellous) ( Table 1 ). In group I the posterior elements of the vertebra were decorticated and a cancellous bone graft was used; in group II the posterior elements of the vertebra were decorticated and a cortical bone graft was used; in group III no decortication was performed and a cancellous bone graft was used; and in group IV no decortication was performed and a cortical bone graft was used. The animals were killed 3, 6 and 9 weeks after the surgical procedure and placement of the bone graft.
The animals were anesthetized with ketamine (60 mg/ kg) and xylazine (5 mg/kg) by the intraperitoneal route. The first two lumbar vertebrae were exposed bilaterally by means of a posterior longitudinal incision. The spinous processes of these vertebrae were sectioned at the base, divided in half on the sagittal plane and used as bone grafts. One of the surfaces of the spinous process was used as a cortical graft and the opposite surface was used as a cancellous graft (Fig. 1) . The posterior elements of the vertebra (lamina, articular facet, and transverse process) were decorticated with a fine osteotome only in group I and II animals. In group I and III the bone graft was put in place with its cancellous bone surface in contact with the lumbar vertebrae. In group II and IV animals the cortical surface of the bone graft was placed in contact with the recipient bed. After placement of the bone graft the surgical incision was closed with absorbable sutures (Fig. 1) .
The animals were killed with an anesthetic overdose 3, 6 and 9 weeks after surgery and the operated vertebral segment was removed and processed histologically by fixation in 10% formalin and decalcification with 5% EDTA-Tris. The specimens were embedded in paraffin and 5-lm histological sections were stained with Masson trichrome. The sections were taken in transversal plane and processed histologically in a vertical position. The interface between the posterior elements and the bone graft was analyzed like a transversal section in the axial plane. The interface between the recipient bed and the bone graft was studied by histomorphometry in terms of quantity of neoformed bone, cartilage and fibrous tissue. The parallel line method was used for this study in order to calculate the percentage of the different neoformed tissues between each graduated parallel line at 1009 magnification [15] .
For histomorphometry, the total area of the histological section, which is rectangular in shape, was considered as reference for the calculation of tissue percentage. The tissues under study were identified on the basis of staining and morphological characteristics. Old bone tissue showed dark red staining, fibrous tissue showed dark blue staining, cartilage tissue light blue staining, and neoformed bone tissue showed intermediate blue staining between the light blue of cartilage tissue and the dark blue of fibrous tissue.
The total area of the histological section and the areas of bone, cartilage and fibrous tissue were calculated using a decimal scale ruler coupled to the objective of the microscope. The areas of the three neoformed tissues are reported as percent of the total area of the histological section, with 25 measurements being made in each section. Histomorphometric evaluation was performed by two different observers who were not aware of the surgical technique used in the animals. In the statistical analysis for the comparison of the quantity of neoformed tissues in the interface the kurtosis test was used to assess the normality of the sample. The Kruskal-Wallis test was then used for statistical comparison involving more than two variables and the MannWhitney test was used to compare two variables. The level of significance was set at 5% in all analyses.
Results
At the different times of killing (3, 6 and 9 weeks), different proportions of neoformed bone tissue, cartilage tissue and fibrous tissue were observed in all histological sections studied ( Table 2 ). The decimal ruler attached to the ocular lens was projected in the histologic section, and this section was divided into five equidistant parallel lines. The total area of the histologic section and the area of the three different tissues were calculated after 25 measurements in each section. In order to simplify our results, the area of each different tissue was divided by the total area of the histologic section, to obtain the area percentage.
The mean percentage of neoformed bone was 40.87% in group I, 39.13% in group II, 6.13% in group III, and 9.27% in group IV in the animals killed 3 weeks after surgery. A statistically significant difference in the quantity of neoformed bone was observed among the four groups (P = 0.0005, Kruskal-Wallis test), which was due to the decortication of the posterior elements (P = 0.0022, Mann-Whitney test). No significant difference was observed between groups I and II (P = 0.9372) or between groups III and IV (P = 0.1797) regarding the type of graft used (Fig. 2 ). In the animals killed 6 weeks after surgery, the mean percentage of neoformed bone was 38.53% in group I, 40.40% in group II, 10.27% in group III, and 7.6% in group IV. A significant difference was observed between the four groups (P = 0.0005), which was due to decortication of the posterior elements (P = 0.0022) and not to the type of graft used between groups I and II (P = 0.4848) and between groups III and IV (P = 0.3939) (Fig. 2) . In the animals killed 9 weeks after surgery, the mean percentage of neoformed bone was 29.53% in group I, 30.6% in group II, and 18.73% in group IV. A significant difference was observed among the four groups (P = 0.0026), which was due to decortication between groups I and III (P = 0.0022), I and IV (P = 0.0087), II and III (P = 0.0087), and II and IV (P = 0.0152), and which was not related to the type of graft used between groups I and II (P = 0.6991) and III and IV (P = 0.5887) (Fig. 2) . The mean percentage of neoformed cartilage tissue was 8.36% in group I, 7.46% in group II, 11.1% in group III, and 9.13% in group IV in the animals killed 3 weeks after surgery, with no significant difference between the four groups (P = 0.6544) (Fig. 3) . In the animals killed 6 weeks after surgery, the mean percentage of neoformed cartilage tissue was 6.6% in group I, 8.07% in group II, 7.47% in group III, and 6.13% in group IV, with no significant difference between groups (P = 0.4889) (Fig. 3) . In the animals killed 9 weeks after surgery the mean percentage of neoformed cartilage tissue was 3.13% in group I, 4.06% in group II, 10.53% in group III, and 12.07% in group IV, with a significant difference between groups (P = 0.0006). The difference was due to decortication of the posterior elements (P = 0.0022) and was not related to the type of graft used (P = 0.5887) between groups I and II and P = 0.2403 between groups III and IV (P = 0.2403) (Fig. 3) .
For the animals killed 3 weeks after surgery, the mean percentage of neoformed fibrous tissue was 11% in group I, 6.13% in group II, 26.27% in group III, and 21.87% in group IV. A significant difference was observed among the groups studied (P = 0.0008) and was due to decortication in the comparisons among groups I and II and group III (P = 0.0022), between groups I and IV (P = 0.0152), between groups II and IV (P = 0.0043), and between groups I and II. No significant difference was observed between groups III and IV (P = 0.2403) (Fig. 4) . For the animals killed 6 weeks after surgery, the mean percentage of neoformed fibrous tissue was 7.67% in group I, 7.1% in group II, 9.8% in group III, and 10.4% in group IV, with no significant difference between groups (P = 0.7880) (Fig. 4) . For the animals killed 9 weeks after surgery, the mean percentage of neoformed fibrous tissue was 3.73% in group I, 4.4% in group II, 6.67% in group III, and 6.8% in group IV, with a significant difference between groups (P = 0.0214). This difference was due to decortication of the posterior elements (P = 0.0260 among group I and groups III and IV, and P = 0.0411 among group II and groups III and IV). There was no significant difference in terms of the type of graft used between groups I and II (P = 0.4848), or between groups III and IV (P = 0.9372) (Fig. 4) .
A difference was observed in the amount of neoformed tissue in the interface of the bone graft and the recipient bed at the three time points analyzed. The amount of neoformed bone tissue differed significantly between the decorticated and non-decorticated groups at all the time points studied, while the amount of cartilage tissue differed between these groups at 9 weeks and the amount of fibrous tissue differed at 3 and 9 weeks. No significant difference in the amount of neoformed tissue was observed regarding the use of a cortical or cancellous graft at any time after surgery. Decorticated animals presented an ossification pattern of the intramembranous type in the interface between the recipient bed and the bone graft, whereas the non-decorticated groups presented a predominantly endochondral ossification pattern (Figs. 5, 6, 7, 8 ).
Discussion
Autologous cancellous bone grafts are the graft modality most frequently used in posterior arthrodesis of the human spine. They are considered to be the first choice of bone graft due to their osteoconductive, osteoinducing and osteogenic properties, with their integration with the recipient bed occurring through a cascade of cellular and molecular events [11] . Bone graft integration in vertebral arthrodesis is related to local and systemic factors and the recipient graft bed acts as an important local factor for graft integration [2] . Decortication of the recipient graft bed exposes the elements of bone marrow and accelerates bone integration [6] . The biological factors involved in this phenomenon are not fully known [14] . Mesenchymal cells are believed to be recruited to differentiate into chondroblasts and osteoblasts when stimulated by local factors such as bone morphogenic protein, platelet-derived growth factor, interleukim, fibroblast growth factor, insulin-like growth factor, granulocytecolony-stimulating factors and granulocyte-macrophage colony stimulating factors [11] .
The hypothesis of stimulation of cell differentiation in the graft interface by decortication of the recipient bed was supported by the different proportion of neoformed tissue observed in the decorticated and non-decorticated groups. The exposure of medullary elements altered the amount of neoformed tissue, especially bone tissue, regardless of the use of a cancellous or cortical graft.
The only factor that interfered with the neoformation of the three different types of tissue in the interface between recipient bed and bone graft in all four experimental groups at 3, 6 and 9 weeks after surgery was the decortication of the posterior elements. The ability of induction and acceleration of bone formation in decorticated areas has been observed experimentally [6, 8] .
In the present study, the decorticated animals showed greater bone neoformation. Other histological studies with markers of vascular neoformation have indicated that the initial vascular supply for the arthrodesis mass originates from the decorticated transverse processes and not from the adjacent soft tissues [3] . In addition, decortication of the posterior elements places the bone graft in direct contact with cells of the reticuloendothelial system, with osteoinducing and osteogenic factors present in the blood stream [3] . In posterior spinal arthrodesis the bone graft suffers a process of necrosis and reabsorption, attracting cells of the reticuloendothelial system. These cells have the ability to transform into progenitor cells of the osteoblast lineage [7] . The direct contact of the bone graft with the raw area in the decorticated groups studied here permitted a greater abundance of inducing and osteogenic factors such as bone morphogenic proteins in the interface between the posterior bed and the graft. These factors stimulate both the recruitment of more osteogenic cells and neovascularization [12] . The greater quantity of neoformed bone tissue with a smaller amount of cartilage and fibrous tissue in the interface of the decorticated groups appears to be more advantageous for bone graft integration since the bone bridge is formed more rapidly, guaranteeing greater resistance for bone graft integration [8] . Decortication modified not only the quantity of neoformed tissues but also the osteogenesis process for bone graft integration. Osteogenesis on the interface differed between decorticated and non-decorticated animals. In the group of decorticated animals, osteogenesis occurred by the mechanism of intramembranous and endochondral ossification, with a predominance of the intramembranous type, leading to a more exuberant and a faster bone neoformation [12] . In contrast, in the non-decorticated group there was a prevalence of endochondral ossification, with slower bone neoformation.
Bone tissue neoformation was the parameter most affected by decortication of the recipient bed, with fibrous tissue being also influenced at the extreme time points (3 and 9 weeks), and cartilage tissue being affected only at the late time point (9 weeks). Decorticated animals presented less fibrous tissue than non-decorticated animals at 3 and 9 weeks because they mainly presented endochondral ossification for bone graft integration. This type of ossification is slower and bone graft stability is lower compared to intramembranous ossification and for this reason endochondral ossification occurs with a greater quantity of associated fiber tissue. Zimmermann et al. [16] demonstrated that a greater formation of fibrous tissue occurs in situations of instability. The fact that endochondral ossification is slower also explains the greater amount of cartilage in non-decorticated animals at 9 weeks. At this time of killing, the decorticated animals had a better-integrated graft in a more advanced process of bone remodeling, while the non-decorticated animals were still in a process of endochondral ossification for graft integration.
The greater abundance of oxygen on the decorticated interface may induce ossification of intramembranous origin. Under conditions of low oxygen concentration, the model of endochondral ossification tends to occur [1] . The increased supply of bone morphogenic proteins for the interface may be another possible stimulus for the occurrence of intramembranous ossification [12] . In the decorticated groups in which the model of intramembranous ossification predominated, graft integration was more rapid and the process of bone remodeling started earlier. The model of intramembranous ossification also explains the more rapid bone neoformation in these animals, with a smaller quantity of cartilage and fibrous tissue. The earlier beginning of bone remodeling in decorticated animals may also be related to the reduction of neoformed bone at the end of 9 weeks. The slower bone formation occurring in the endochondral ossification model explains the increasing bone neoformation values in non-decorticated animals over the 9-week period, as well as the greater amount of cartilage tissue at the end of this period. This means that the nondecorticated animals were still undergoing a process of bone graft integration during the ninth postoperative week, with a delay compared to decorticated animals whose bone graft was better integrated at the end of this period, with the animals being in a stage of bone remodeling.
The Wistar rat experimental model used in this study has several advantages such as allowing a rapid healing period, animals easily lodged and fed, resistance to climate variation, low cost, and besides, being routinely used in other experimental conditions involving bone reconstruction. It must be recognized that whereas the rat animal model does not entirely simulate the biologic and mechanical circunstances of the human spine. Using this model, it is possible to simulate the general concept of bone graft integration in the posterior spine (i.e. surgical modification of spinal anatomy and structure to create a properly environment for the bone graft integration). This experimental model focused on histological process of bone graft incorporation, and was able to identify two different biologic models of bone graft incorporation. Our study gives support to clinical practice and its result may help to explain why there is a better bone graft incorporation in the decorticated human spine.
Decortication of the bone graft recipient bed favorably affects the histological process of integration by accelerating graft integration with the recipient bed, with a greater production of neoformed bone tissue and a predominance of intramembranous ossification in the interface between bone graft and recipient bed. 
